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VIBRATIONAL SPECTROSCOPIC INVESTIGATIONS OF SHOCK-COMPRESSED
LIQUID NITROGEN AND SHOCK-COMPRESSED LIQUID NITROMETHANE *

D. S. Moore and S. C. Schmidt
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Vibrational spectra of liquid nitrogen and hquid nitromethane shock compressed to
several high pressure/high temperature states were recorded using single-pulse multiplex
coherent anti-Stokes Raman scattenng. Vibrational frequencies were extracted from the
data by computer spectral simulation techniques. Vibrational frequencies of liquid
nitrogen were found to increase monotonically up to =17 5 GPa single shock and =30 GPa
double shock and then to decrease with further increases in pressure. The consequence of
the decrease in vibrational frequercy on the Gruneisen mode gamma and its effect on the
Na equation-of-state 1s discussed. A model is develuped that includes the thermally-
excited vibrational state transitions in the synthesized spectral fits of the nitromethane
CARS data. The adequacy of the model lor interpretation of CARS spectra in both
ambient and shock-ompressed mitromethane 1s discussed.

INTRODUCTION

Nitrogen 13 a relatively simple and stable diatomic
molecule that has been studied over a wide range of pressure
and temperature DPresently, there is renewed interest in this
matenal, especially in the planetary sciences and in
chemical explosives technology, because of the unusual effect
gk pressure and temperature have on its physical and
chemical propertivs. Equation-of-state and thermodynamic
Jata have been obtained for nitrogen at pressures up to 130
(i1’ and temperatures o bevond 10,000 K using both static!®
and dynamic’ 1! compression techniques. These
measurements have hesa complemented by calculations for
buth the solid!2-14 and Auid!1:15-21 phases The shock
Hugoniot of liquid nitrogen exhibits an increase in
compressibility above 30 GPa and 7000 K that has been
ainbuted (o & dissociative phase transition. 10.16.18.22 23
Much revent experimental work has attempted to observe
wich a phase transition directly,24.23 r to pravide further
bulk property or molecular level evidence (cr such a phase
transition.?® The investigation reported on here?” extends
the pressure and temperature range of the measurcd fluid
nitrogzen vibrational frequency closer to the transition region
in ooder to provide molecular level details about the
behavier of this interesting materal. Nitromethane is a
prototypical homogeneous high explosive. As such, it has
teceived considerable attention from a vanety of rescarchers

Woerk pertormend arder the auspues of the U248 Depaniment ot Foergy

Some recent progress has been made in the elucidation of the
inttiation mechanism,>%.2% but much 1s sull unknown. We
aiso report here the results of an investigation into the
behavior of the CN-stretching-mode vibrational trequency in
shock-compressed liquid niiromethane.

EXI=RIMENTAL METHODS

The high pressure/high ternperature states investigated
here were produced by dynamic compression technijues. and
the vibrational spectra were recorded using coherent anti-
Stokes Raman spectroscopy (CARS). The experimental
apparatus has been desc -ibed in detail previously 7

Briefly. a projectile launched by a two-stage light-gas gun
Jdvnamically compressed a sample in a target designed to
retlect the CARS signal back out an optical aperture. The
cryogenic target assembly used to condense and hold liquid
N3 for these experiments has been described elsewhere,¥ but
was madified to include a highly polished W04 stainless steel
target plate at the front and a 6 3 mm diameter quartz or
lithium (luorid  window at the rear. The room temperature
tarvels used for nitromethane contained a similar sample
chamber in a sumple 150 mm diameter, 12 mm thick aluminam
cylinder  Impactor and target plate thicknesses were chosen,
and electrical time-ot-arrival pin assemblics were installed
i the Hguid sample, 5o as to insure that rarefaction waves
would not compromise the one dimensional character ol the
compression in the regiom observad optically



Pressures, densities, and temperatures for the singly- and
Jdoubly- shocked regions of Ny were caiculated using an
effective spherical potential that has been shown to
accurately reproduce both non-<pherical molecular dynamics
simulations and experimental Hugoniot and brightness
temperature data.!” 17 Doubly-shocked states were inferred
from impedance matching of the N1 shock, at the measured
shock velocity, reflecting off the known window material
assuming the theoretical equation of state for nitrogen. The
equation-ot-state parameters for the quar:z and lithium
fluonde windows are from published data.30 The effect of
the choice of potential was investigated by calculating
pressures, densities and temperatures using Ross and Ree's
corresponding states potential. '8 These calculations resulted
in very similar pressures and dcnsities, but with an upward
temperature shift of ~10%. The shock pressures in CH%
were inferred using standard data reduction techruques-! and
published shock-velocity/ particle-velocity data,30

CARS¥ is a parametnc proress in which three waves,
two at a pump frequency, op, and one at a Stokes frequency,
Wy, are mixed in a sample to produce a coherent beam at the
anti-Stokes frequency, w,y = 20p - wy. The efficiency of 'his
muxing is grently enhanced if the frequency difference wp -
wg coincides with the frequency ; of a Raman active mode of

the sample. The intensity of the beam at w,, is given by

7 - PN 2 PN 4
_ w..l;uN.an:.e)(nf )( *+2)
[“ o z__:_. _..3,_. ‘,_}_ \ E;
' Moy
2 .
I Tm W +w) nr 2 PX
fi il T +1 2_————‘—"—-2 (1)

)

\ (umvm)d (mmﬂn)ﬂ

where Ipand I are the inaident intensidies of the pump and
Stohes beanus, respectively ana nyg, i, and np are the
tetrachive indices dt wag, u. and wp, respectively N1
corresponds to the Lagrangian density of theith layer, and
nr
the sums over noninterfening lavers. X' is the nonresonant
)
stisceptibility, (,I 1s the peak third order susceptbility,
and s the hall wadth at hall maxaimum (HWIIND
mewidth. The sumon s over cransiticns. This equation
only hotds i the case of po elecironie resonance

0
cr.hancement

Uhe pump tnspuency in the CARS process was obtamad
by ang approvamately 407 ot the nons Jong trquency
deubled output of N Y G Lser (Quanta Ray DOCTRTA) to
poanp o marrow band dye Tser iQuanta Ray DU D a near

ST nm for the mitrogen Jdata, and near 003 nm for the
mtromethane daty. A broad range of Stokes trequencies was
produced using 1+ home-built broad-band dve laser utilizing
the taser dve DXCAM Exciton, lasing region 627 to 645 nim)
pumped by the remaining Nd:YAQ output. Some or the
mitremethane data was obtained using the frequency-doubled
N Y AG laser tor the pump trequency and Rhodamine 3940
(Exciton) in the broad-band dve laser for the Stokes
trequencies The CARS signals produced in the sample were
directed through a o nm-band-width hilter monochromator
and then dispersed by a | m spectrometer. Multichannel
detection of the CARS signals was done using an intensitied
photodiode array (Tracor Northern ..72) and analvzer
(Tracor Northern 6300). [n addition, the broad-band dve
laser spectral protile was measured in each expenment usiny
another 1 m spectrometer and an intensified photodiode
array (Princeton [nstruments IRY-312G) and analyzer
(Princeton [nstruments ST-100).

Phase matching was experimentally optimized in the
ambient sample for the focusing condiions used. The
dispersion in the sample was assumed to linearly scale with
the increase in refractive index due to volume compression.33
Linzar scaling of the dispersion results in the same phase-
matching angle at all compressions. The scaled refractive

indiLes were also used in the local field correction terms of
Cquation (1).

Vibrational frequencies were all calibrated ( 11 m'D
using vacuum wavenumbers of atomic emission lines obtained
from standard calibration lainps. The spectral instrument
function of the CARS spectrometer/ photodiode array was
meszsured using either an atomic emission line or by extraction
from the ambient liquid nitrogen transition. The later
method has the advantage of including the spectral profile
of the pump laser. This measured instrument fuiiction was
then convoluted with the synthesized CARS spectra to give
spectra that could be directly compared with tive
experimental data.

RESULTS AND DISCUSSION FOR NITROGEN

We have ubtained CARS spectra of fluid N9 at many
shock pressures and temperatures up to 21 3 Gl’a and 5020 K
(single shock), and 40 8 (SPa and 516 K (reflected shocks
Because of initial projectile velocity uncertainty and
projectile tilt, the arrival time of the shock wave at the
center of the target rear window (the location of the laser
beam waists and the center of the rear time-of arrival pmn
paattern) could only be predicted to £.X) ns. For experiments
where the shock wave had not reached the window, specira
corresponding to the soltd curve in Fig la were obtaimned  The
large poak at 2328 1cm D is the CARS stgnal from nnshocked
nitroge v arkd the remaming progreasion of lines are the
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FIGURE 1. REPRESENTATIVE CARS SPECTRA OF SHOCK-COMPRESSED Ny

fundamental transition and hot bands from the singly-
shocked fluid. Berause unshocked liquid Ny has a very
narrow linewidth (0.029 cm™! HWHM) compared to a
width of several wavenumbers for the shockcompressed
fluid, two difficuities were found At \he laser intensities
used to produce CARS in the shuck-comfreued N3 the CARS
process either could be easily saturated”3 leading to an
increase in the apparent 'inewidth of the ambient N5, or
could result in large enough signals from the ambient N to
locally saturate the detector.

[f the shock wave reached and reflected from the rear
wir{ow, both the singly- and doubly-shocked regions in the
sample were interrogated by the incident laser beams. The
resultant spectra, similar to those depicted by solid curves in
Fiys. 1b, 1c, and 1d, consisted of two partially overlapped
nrogressions of transitions arising from the two interrogated
regions Fig 1b illustrates the case for which the lines have
not broasdened sufficiently to obscure the individual peaks of
the two progressions At higher shock pressures and
tem. peratures, the lines broaden constderably (Fig. 1c) and it
s difffcult to distinguish the two progressions without a

spectral simulation Figure 1d is similar to the case of Fig. Ic,

except with a imuch poorer signal-to-noise ratio. The results
ol the spectral simulations using Fq (1) are shown in Fig. | by
the dashed (urves  [he sitnulations assume that the
linewidths of the fundamental and hot bands are the same

for a given shock pressura.

At the highest pressures investigated, the sample
appeared 1o be a grey-body emitter. In the experiments ncar
21 GPa, photomultipliers monitoring the emission of the
samples at 630 nm and at 520 nm recorded rise-times of the
emission of several tens of ns. Significantly higher single-
shock pressures resulted in much faste: rise imes. In
addition, CARS signals became very difficult to observe at
the higher pressures. The difficulty became especially acute
after the shock had reached the window. By adjusting the
timing to intentionally leave the shock short of the window
when the CARS spectra were taken, data were successfully
recorded near 21 GPa, Attemnpts to record CARS spectra
above 22 GiPa (single shock) have not yet been successful.

Figure 2 shows the Raman shifts extracted from the
CARS spectra (using Equation (1)) of shock-compressed No
versus reduced density (or the findamental and observed hot
band transitions. [n the singly shocked material, there is a
monotonic increase of the vibrational frequency with
increasing density or pressure up to a compresaion of 2.23 (or a
pressure of 175 Gl’a). Above this density the frequency no
longer increases, and appears (0 begin to decrease. The
vibrational frequency in the doubly-shocked material
(whose temperature is lower than singly-shocked materiai ot
the same denaily) shows similar behavior, but the reversal



occurs at higher densities or pressures. [t is interesting to note
the eifect of temperature in these data. When the fluid i
singly or doubly shocked to the same dernsity, the difference
in measured Raman shift s due to the effects of temperature
on the potential and on the portion of the potential sampled
on average. Within the precision of the data, the
anharmonicity of the intramolecular potential appears to be
constant for all pressures and is the same as that expected
from gas-phase data.

Static high pressure measurements of vibrational
frequencies in solid rutrogen¥2 and solid hydrogen25 show a
similar reversal in the dependence of Raman shift with
increasing pressura. Initial explanations of this effect
inv.ked a change in the melecular electronic structure at the
highest densities.”> Recent isotopic inixture studies indicate
that the reversal ir the frequency shift in the molecular
solids at high density is most likely due to resonant
'nteractions (i.e. dynamic couplings between molecules). 36
Although i~ 1":2se experiments ‘e sample remains a fluid,
similar dynaruc couplings may exist and may explain the
reversal. Nevertheless, there still may be a temperature and
density Jependent alteration of the electronic structure in the
fluid au the conditions encountered here. Alternatively, the
wnization/dissonation mechanism proposed to explain the
softering of the Hugoniot {26 may Fe producing a sufficient
density of charged species to affect the forces that influence
the nitrogen vibrational frequency. Further progress towards
wdentification of the operative mechanism might be gained
using 1sotopic rnixture studies.

A'su plotted in Fig. 2 are the vibrational frequencies
precicted by the pressure/temperature fit to the Monte Carln
cimulation results. 2! The published fit was adjusted, in th.,
linear term only, so that the fit -nd the measured frequency
azreed at our mitial conditions. The simulation results show
the correct trend with density up to p/pg = 2.23 , where they
level off with shock pressure rather than following the data
ag 1t appears to decrease.  The simulations may be inadequate
at these pressures and temperatures, however, for several
~rasons For example, the nitrogen may be dissociating,
which 18 net taken into account in the simulation.
Additionally, tomzation would introduce charges into the
material that are not accounted for by the simulation.

The vibrational frequiency data also allow the direct
determination ot single- mode Gruneisen parameters, Y, =
dinw /dInV_ for the vibrationai tiodes. The v, tor the
fndamental transitior vas calculated trom a smooth airve
drawn throuph the e caared Raman shitts and s presented
n Fyg Vtor the single shock data Note that this v,
mtnally increases with decreasing volume tincreasing,
precsurer ther doreases rapidly and changes sipn as the

freyquenctes begtin to devrease upon further decreasesin
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reduced volume below 0 47 i pressures above =15 GPal. The
magnitude of the single muode ¥,. even at the mavimum, 15
onlv a small fraction (=1-7) ot the total Grunetsen gamma tor
the luid Na.-1 Consequently, this interesting behavior of
the vibrational mode gamma 1s not retlected in the N»
equation ot state Although it may be said that this
behavior of the vibrational modes has little consequence for
the bulk behavior of this material, conversely it may be
pointed ovut that this behavior provides turther evidence
that measurement ot bulk properties provides very little
1rormation about molecular level details, which may br of
‘arger importance in other matenals, especially in
chemically reactive systems.

RESULTS AND DISCUSSION FOR NITROMETHANE

For a polvatoimic molecule such as nitromethane, the
vibrational spectroscopy 15 considerably more complicated
than that discussed above for the diatomic molecule Ny At
low temperatures, only the vibrational fundamentals need be
considered, leading to much simplification in the spectra. In
the case of nitromethane, there are 15 possible vibrational
normal modes, one of which s the nearly free rotation of the
methyi group around the CN bond. If the molecule is
assumed to possess Cy,, symmetry when factoring the secular
equation, the normal modes divide into 5 totally symmetric
(A1) modes, 5 modes parallel to the plane of the NO; (B+),
and 4 modes perpendicular te the NO7 plane (B7), with the
torston around CN being Ay, Table | lists the literature
frequencies of these vibrations obtained from Raman
spectroscopy of the hquid,y"-m As temnperature is increased,
even Just to room temperature, the low frequency modes start
to become thermally populated to a measureable extent. The
measured band contour 1s not just a collisionally-broadened

TABLE 1. FREQUENCIES, ASSIGNMENTS, DEGENERACIES
AND CALCULATED ANHARMONIC COEFFICIENTS OF THE
VIBRATIONAL MODES OF NITROMETHANE

v, ) Assignment ' Xai (enth)
) ve By riNO,) 1 A1

W7 vy b wINO 2 1 40

655 vg 4 S(NO3) 1 4.3

9“7z va a vICN) 1 3

1096 vii by rCHy 2 72

179 vy oy S5(CHy ! 90
1402 viooay Vy(NO 1 92
1426 vin bbb 8,(CHy 2 43

151 vy M v,(ND,) 1 102

single vibrational frequency, but contains contr-butions from
hot bands, not only from the thermal populati i of the level
being probed, but also from the combination b inds of the
Frobed transiion with all otaer thermally papulated levels.
This situation would stili be completely tractable 12 all the
anharmonicity constants, Kjk, were known In the case of
mtromethane, howeve:, we could find only one reliable
anharmoncity consant involving the vibration of interest in
this work, namely the CN stretching mode, v.37

In order t ) interpret the CARS spectra of shock-
compressed nitromethane correctly, a model of the
vibrational band contour was developed that includes the
contributions of the hot hands. The relationship between
CARS intensities and the spontan=ous Raman cross section
and vil rational-level populations can be approximated by:32

PK h ' [do
T, T30, =(~)(pj—pk) 2)

2nc aa/,
where h is Planck’s constant, C is the speed of light,
(da/dQ)y is the spontaneous Raman cross-section of the j to
k vibrational transition, and pj and 9y are the number
densities in vibrational levels j and k, respectively. For the
CN-stretching mode transition in nitromethane discussed
here, the j to k transitions all have Av4 =1, and the p; and Py
are all calculated assuming a Boltzmann population
distribution among all the vibrational levels. A similar
treatment was found to work well for shock-vompressed
liquid nitrogen.2” The model then assumes that the v,
Raman cross section depends on v4 as prescribed for a
harmonic oscillator, i.e. (d0/dfy o {vq + 1). The cross
section is fu,ther assumed to be independent of initial state v,
when | = 4.

The final step in the model is the determination o the
frequencies of the possible hot bands that contribute to the
contour of the CN stretching mode Raman spectrum. In the
results presented here, the prescription of previous work is
used,?? wherein the anharmonic shilt for a given vibrational
band is proportional to the amount of vibrational energy in
the lower state. That 1,

l
X 44 = 2'!\\"4.

x_”:AVl J't"‘-

where V) s the trequency of mode ). The parauaeter A s set
trom the raeasured position of the tirst overtone of vy W,
anharmonicity coelhaents calculated using equation U3 are
listed in Table [ The frequency ab atransition onginating

from the state [v)] 15 given by



‘-'Vbt\'."‘*:XJ.:V.t* ZXJka (4)
k=4

where vio) s the frequency of the Avy = 1 transition

erannatng from the vibratonal ground state and 15 given by

\-:n:=m4+,\'“4—éz.‘(4jgk

k=4

where w4 15 the fundamental frequency of the v mode, and
£x is the degeneracy of mode k.

This model was used to calculate the pocitions and
intensities ot the hot bands of the CN stretching mode for
ambient nitromethane and several shock-compressed pressure
and temperature states of nitromethane. The firct
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FIGURE 4 CARS SPECTRUM OF AMBIENT
NITROMETHANE CN STRETCHING MODE.  A)
SYNIHETIC SPECTRUM (DASHED) INCLUDES NO HOT
HANDS By SYNTHETIC SPECTRUM (DASHED)
INCIUDFS ALL POSSIBLE HOT BANIYS.

observation of note 1s the improved tit of the svnthetic CARS
spectra to the ambient nitromethane CARS spectrum when
using the above model, as 1s shown in tigure 4. The low
frequency side of the peak 15 not satistactorily nt without
inclusion of the available hot bands. For the CARS spectra
of shock-compressed nitromethane, the vibrational levels
change with pressure. Since not all the vibrational
frequencies were measured in the shocked material, thev
were assumed to shift according to the available static high
pressure results. 3! However, since the measured frequency
shitts in the shock-compressed liquid are slightly smaller
than those measured in the static high pressure solid, the
high pressure solid frequencies were all assum2d to scale
proportionaily. The spectral fit of the shock-compressed
nitromethane CARS spectrum in Fig 5A 1s that given by the

intensity (Arb. Units)
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FIGURE 5. CARS SPECTRUM OF SHOCK-COMIPRESSED
LIQUID NITROMETHANE CN-STRETCHING MODE  A)
SYNTHETIC SPECTRUM (DASHED) WITH ALL HOT
BANDS AND USING MODEL. B) SYNTHETIC SPECTRUM
(DASHED) WITHE ALL NON-DIAGONAL
ANHARMONICITY COEFFICIENTS SET TO ZERO



above model with the assumption that the anharmeaic
coetlicents do not change with pressure. The hnewidth ot the
transition was the only varniable adjusted for the it shown
The shock temperature was taken frem the Lysne/Harde<ty
equatien ot state.d? There 1s something obviously wrong with
this model, which works well for the ambient liquid
ritromethane CARS spectrum, when it 1s applied to the
shock-compressed m~ rial, even at modest pressures and
temperatu. 5. The ©.  xest approximation 1n the model 1s
that of the values ot the anharmonicity coefficierts, and the
assumption that they do not change witi pressure. Since the
nd vibrational frequency increases with pressure, indicated a
sulfening of the potential for that motion, 1t might also
become more resilient to the presence of other thermally
populated vidrational motions. The consequence of this
picture would be that the otf-diagonal anharmonic
coetficients would become small compared to X . Figure 5B
shows a synthetic CARS spectrum assuming X4 = 0, for ja 4,
and only X44 and T are varied for the best fit. The quality of
the fit in figure 5B is clearly better than that of 5A. The
value of X44 used for 5B is c.nly slightly larger than that used
for the ambient spectrum. The increase may be indicative ot
some softening of the upper portion of the potential well
with pressure. This behavior is somewhat different from
that observed in nitrogen,7 but may be due to the different
depths of the wells or the different nature of diatomic
molecules versus polyatomic molecules.

The apparent failure of the simple model presented here
to satisfactorily represent the vibrational spectra of shock-
compressed nitromethane suggests that intermolecular
interactions can affect intramolecular potentials in
sometimes surprising ways. Much further experimental work
and substantial theoretical guidance will be necessary before
these effects are fully understcod.
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